Abstract Extreme high-temperature events have large socioeconomic and human health impacts. East Asia (EA) is a populous region, and it is crucial to assess the changes in extreme high-temperature events in this region under different climate change scenarios. The Community Earth System Model low-warming experiment data were applied to investigate the changes in the mean and extreme high temperatures in EA under 1.5°C and 2°C warming conditions above preindustrial levels. The results show that the magnitude of warming in EA is approximately 0.2°C higher than the global mean. Most populous subregions, including eastern China, the Korean Peninsula, and Japan, will see more intense, more frequent, and longer-lasting extreme temperature events under 1.5°C and 2°C warming. The 0.5°C lower warming will help avoid 35%-46% of the increases in extreme high-temperature events in terms of intensity, frequency, and duration in EA with maximal avoidance values (37%-49%) occurring in Mongolia. Thus, it is beneficial for EA to limit the warming target to 1.5°C rather than 2°C.
Introduction
Extreme high-temperature events are among the most important natural disasters and have large socioeconomic and human health impacts (Jones et al., 1982; Robine et al., 2008; Valor et al., 2001) . The global mean surface temperature has increased significantly during the last 100 years, and the increase in the global mean surface temperature was extremely likely caused by anthropogenic forcings (IPCC, 2013) . Extreme hightemperature events have continued to occur as global warming has continued over the last several decades (Collins et al., 2000; Peterson et al., 2008) . The Paris Agreement in December 2015 sets a goal to hold the global warming to well below 2°C and pursues efforts to limit it to 1.5°C above preindustrial levels (United Nations Framework Convention on Climate Change, 2015). East Asia (EA) is a populous region, and the frequencies of extreme high-temperature events have increased in most parts of EA over the last several decades (Choi et al., 2009; Ding et al., 2010; Zhou & Ren, 2011) . The extent of warming impacts that can be avoided at 1.5°C warming level compared with the 2°C warming level and the areas that are most sensitive to this global warming limit remain unknown. It is urgently needed to understand the changes in hightemperature events in EA in 1.5°C and 2°C warming conditions. Recently, there are increasing efforts devoted to the investigation of the changes in extreme climate events at the 1.5°C and 2°C warming levels and the benefits of limiting global warming to 1.5°C rather than 2°C (Donnelly et al., 2017; Dosio & Fischer, 2017; Karmalkar & Bradley, 2017; Schleussner et al., 2016; Wartenburger et al., 2017; Xu et al., 2017 are based on the existing Coupled Model Intercomparison Project data, which were not specifically designed for the assessment. Recently, the National Center for Atmospheric Research (NCAR) released a set of climate simulations to assess the impacts of 1.5°C and 2°C warmer climates using the Community Earth System Model (CESM). These simulations are the only long-term impact-relevant coupled climate model available for stabilization pathways at 1.5°C and 2°C warming levels (Sanderson et al., 2017) . Based on this data set, we aim to answer the following questions: (1) How will the temperatures change over EA in 1.5°C and 2°C warmer futures? (2) How will extreme high-temperature events change in different regions of EA? (3) What changes in extreme high-temperature events over EA are avoided in 1.5°C warmer climate compared with a 2 C warmer climate?
2. Data and Methodology
Model Data
The NCAR CESM low-warming simulations are used to study climate changes under 1.5°C and 2.0°C warming targets (Kay et al., 2015) . A simple Minimal Complexity Earth Simulator model was first used to produce a set of greenhouse gas emission pathways to gain long term 1.5°C and 2°C global warming above preindustrial levels. Then the emission pathways derived from Minimal Complexity Earth Simulator were applied to the first 11 ensemble members of the CESM for the period from 2006 to 2100. In the 1.5°C and 2°C emission scenarios, all other anthropogenic forcings, including aerosol emissions, land use, and ozone follow the RCP8.5 scenario. This set of coupled model simulations produce stabilized global mean temperatures at 1.5°C and 2°C above preindustrial levels for the first time. Specifically, in the 1.5°C (2°C) scenario, the global mean temperature stabilizes at 1.5°C (2.1°C) above preindustrial levels at the end of the 21st century. For more details of the experimental design, please refer to Sanderson et al. (2017) .
Observation Data
Four observational data sets were used to validate the model and the simulated temperatures.
(1) a gridded temperature data set from~2,400 observation stations over China with a horizontal resolution of 0.5°× 0.5°( hereafter CN05.1) (Wu & Gao, 2013) ; (2) CPC (Climate Prediction Center) global temperature data with a horizontal resolution of 0.5°× 0.5°; (3) CRU (Climate Research Unit) temperature data set v. 4.00 with a horizontal resolution of 0.5°× 0.5° (Harris et al., 2014) ; and (4) GHCN (Global Historical Climatology Network) Gridded V2 temperature data set with a horizontal resolution of 0.5°× 0.5° (Fan & van den Dool, 2008) . The time range of all data sets is from 1979 to 2005. We examined the consistency of the four data sets in contiguous China and found that the CRU data are similar to the CN05.1 data. The CPC data are similar to the CN05.1 data over most parts of China except for the Tibetan Plateau. In other parts of EA, the CRU, GHCN, and CPC data are relatively consistent.
Bias Correction Method
To correct the climatology of the temperatures in the model, a bias correction (BC) method was applied to the model data. For the daily maximum, mean, and minimum temperatures in each model, a mean correction (MC) addictive scaling factor was obtained as the difference between the observed and simulated temperature over the period of 1979 -2005 (Durman et al., 2001 :
where T Model and T MC represent the simulated and corrected daily temperatures, respectively. TT OBS and TT Model represent the climatological monthly mean observed and simulated temperatures, respectively. (TT OBS À TT Model ) represents the scaling factor and changes from month to month. The CN05.1 data are used to correct the model bias over contiguous China, while the CPC data are used over the other parts of EA.
High-Temperature Indices
High-temperature events can be defined using either relative or absolute thresholds (Smith et al., 2013; You et al., 2016) . We employ two typical indices that are closely associated with human health and socioeconomic impacts. One index is 3 day warm night event (hereafter TNX3day), which is the highest 3 day mean daily minimum temperature in a year. TNX3day is used as a representative of extreme temperature indices defined according to intensity. The other index is based on two local thresholds for daily maximal temperature. We define threshold 1 (hereafter T1) as the 95th percentile of the local daily maximum summer temperature
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in present day. Similarly, the 80th percentile is regarded as threshold 2 (hereafter T2). A heat wave (hereafter HW) is thus defined as the longest period in a year that satisfies the following criteria: (1) There should be no less than three consecutive days with daily maximum temperature higher than T1, (2) the average daily maximum temperature of the entire period must be higher than T1, and (3) the daily maximum temperature for each day during the period must be higher than T2 (Meehl & Tebaldi, 2004) . HW is used as a representative of extreme temperature indices defined according to duration. TNX3day denotes suffering from extremely warm temperatures over several continuous nights. HW represents the impacts of the longest period of hot days.
In addition to TNX3day and HW, other widely used extreme temperature indices include intensity indices: 3 day warm day event (TMX3day), annual maximal daily minimum temperatures (TNx), and annual maximal daily maximum temperatures (TXx); frequency indices: warm nights (TN90p) and warm days (TX90p); and a 
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2.5. Baselines, 1.5°C and 2°C Warming Levels and Subregions
The baseline period of 1976-2005 is referred to as the present day. The preindustrial period in this study is 1850-1920. A period from 2071 to 2100 represents the stable equilibrium period for 1.5°C and 2°C warming relative to preindustrial levels (Sanderson et al., 2017) . EA is classified into four subregions: China, Mongolia, Japan (JP), and the Korean Peninsula (KP) (see Figure S1 ).
Probability Ratio, Avoided Impacts, and Statistical Test Method
The probability ratio (PR) for temperatures of different intensities was calculated using the following formula (Ma et al., 2017) :
where PR is the probability ratio, P0 is the probability of reaching a specific temperature intensity in the present day (e.g., the probability of temperatures being higher than the 90th percentile and lower than the 95th percentile is 5%, and the PR for this temperature interval is 1.0 in the present day). P1 is the corresponding probability of reaching this temperature intensity in 1.5°C or 2°C warmer futures.
The impacts of extreme high-temperature events that are avoided at 1.5°C compared with 2°C warmer climates were investigated using the formula below:
where AI is avoided impacts, C1.5 and C2.0 are the changes in the 1.5°C and 2°C warming climate compared with the present day.
Student's t test was applied to indicate the 5% significance level.
Population-Weighted Changes
The population distribution in 2000 and the projected population distributions under different shared socioeconomic pathways (SSPs) from 2010 to 2100 (Jones & O'Neill, 2016) were used to investigate the population-weighted changes of extreme high-temperature indices. First, the changes in the high-temperature indices in a certain grid were multiplied by the population density in that grid. Then, the area-weighted regional mean was calculated.
Results
Changes in Surface Air Temperature
We evaluated the model performance; while the general features of the observed temperature indices were reasonably reproduced by the model, moderate biases were evident ( Figures S2 and S3 and Table S2 ). The BC method was used to correct the climatology of the simulated daily maximum, mean, and minimum temperatures. While this method helps to reduce the biases of the indices defined by intensity, such as TNX3day, TMX3day, TNx, and TXx, it has little effect on the indices defined by relative thresholds, such as HW, WSDI, TX90p, and TN90p ( Figures S2 and S3 ). Demonstrating again that while the BC method heavily affects threshold-based indices, it does not alter the change in percentile-based indices (Cannon et al., 2015; Dosio, 2016; Sunyer et al., 2015) . 
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The regional mean surface air temperature (SAT) over EA (Figure 1 ) stabilizes after~2040 at 1.4°C above the present-day levels in the 1.5°C simulations. In the 2°C simulations, a stable 2.0°C warming is seen by 2090 (Figure 1d ). The annual mean SAT averaged over EA will be 1.7°C and 2.3°C above preindustrial levels by 2100 in the 1.5°C and 2°C simulations, respectively (figure not shown). Therefore, the regional mean SAT over EA will experience approximately 0.2°C higher warming than the global mean in both scenarios. The warming patterns are similar in the two scenarios, with larger magnitudes in the high-altitude areas (Tibetan Plateau), high-latitude areas (northern EA), and parts of South China (Figures 1a and 1b) . The differences between the 2°C and 1.5°C scenarios are also larger in these sensitive areas (Figure 1c) . The warming of the daily maximum temperature (Tmax) is stronger than that of the daily minimum temperature (Tmin) in most subregions, and the warming magnitudes are comparable in the subregions of EA (Figure 1e ).
Changes in Temperature Structure
We further examined the changes in the regional mean SAT structure in 1.5°C and 2°C warmer climates compared with the present day (Figure 2a ). According to formula (2), the high-temperature PR (higher than the 
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90th percentile in the present day) increases while the low-temperature PR (lower than the 20th percentile in the present day) decreases markedly. The extreme high-temperature PR increases more than the moderately high-temperature PR. For the temperatures higher than the 99th percentile of the present day, the PR will be 4 and 6 times that of the present day in the 1.5°C and 2°C warmer climates, respectively. Among the EA subregions, the increases in PRs of extremely high temperatures are strong in KP and JP, as evidenced by the 99th percentile of high temperatures of the present day reached about 6/9 in the 1.5°C/2°C warmer future ( Figures S4d and S4e) . In Eastern China (EC), the increasing amplitudes of extreme high temperatures are also large and comparable to those in KP and JP ( Figure S4b) . The increasing amplitudes of PR of nighttime hot extremes are larger than those of daytime hot extremes (Figures 2b and 2c) .
Changes in Extreme High-Temperature Events
We first focus on the changes in the TNX3day index in the 1.5°C and 2°C warmer futures. The increasing magnitudes of TNX3day are relatively uniform across EA (~1.1°C/1.7°C relative to the present day in the 1.5°C/2°C warmer climates) (Figures 3a and 3b) . The additional half degree of warming will lead to larger increases in the TNX3day (>0.7°C) in northwestern China and parts of western Mongolia (Figure 3c ).
Record-breaking events will be more frequent. To estimate the coverage area impacted by the recordbreaking events, we examine the fraction of land in EA where the TNX3day record defined during the present day was broken in the 1.5°C and 2.0°C scenarios (Figure 3d) . By the end of the 21st century, approximately 
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28% and 48% of the East Asian land area will break the historical TNX3day record in the 1.5°C and 2.0°C scenarios, respectively. A quantitative comparison of the regional changes reveals that the KP and JP will see stronger changes, as evidenced by~50%/74% in the 1.5°C/2.0°C warmer climates (Table S3 ). The additional half degree of warming in the 2°C scenario will result in a~60% increase in TNX3day relative to the 1.5°C scenario (Figure 3e ). If we weight the TNX3day changes by population density, the impacts of TNX3day are more evident in EC, JP, and KP, regardless of whether the population density is fixed or changes with different SSPs (Figure 3f and Figure S9 in the supporting information).
In contrast to the uniform change in TNX3day, the changing HW magnitudes show regional differences. The additional half degree of warming in the 2°C warmer climate will result in longer-lasting HW events across EA with large centers located in JP, KP, and parts of EC (Figures 4a-4c) . Record-breaking HW events will also increase. By the end of the 21st century, approximately 18%/31% of the East Asian land area will break the historical record in the 1.5°C/2°C scenario. The increased coverage of these kinds of record-breaking events will be more evident in KP and JP, as evidenced by the~30%/45% increases in the 1.5°C/2°C scenarios. The regional mean HW events will increase by 3.0/4.5 times of the present day in the 1.5°C/2°C scenarios in JP and KP (Figure 4e ). If we weight the HW changes by population density, the impacts of HW are also more evident in EC, JP, and KP, regardless of whether the population density is fixed or changes with different SSPs (Figures 4f and S10) .
Changes of other extreme indices were also examined (see Table S4 and supporting information figures). For the extreme indices defined based on intensity, the averaged changes of daytime extremes are larger than those of nighttime extremes in EA (TXx versus TNx; TMX3day versus TNX3day), but the coverages of the land fractions where the historical records are broken are larger for the nighttime extremes. For extreme indices defined by relative thresholds, the changes in daytime extremes are smaller than those in nighttime extremes (TX90p versus TN90p). Among the EA subregions, the increasing magnitudes of the intensity, frequency, and duration of extreme high-temperature events are all larger in KP, JP, and EC than in the other subregions. Extreme high-temperature events become more intense, more frequent, and longer lasting as the SAT continues to increase, and their responses to global warming are basically linear. When the SAT stabilizes at a certain level, extreme high-temperature events will be stable ( Figure 1d and supporting information figures).
We used formula (3) to quantify the impacts avoided in the 1.5°C warmer future compared with the 2°C warmer future. In comparison to the 2°C warmer future (Figure 5 ), the warming of one half-degree less in the 1.5°C warmer future will help avoid 35%-38% of the increase in the intensities of extreme high-temperature events (TNX3day, TMX3day, TXx, and TNx), approximately 37% of the increase in the frequency of extreme high-temperature events (TN90p and TX90p) and 39%-46% of the increase in the duration of extreme high-temperature events (HW and WSDI) in EA (Table S4 ). In general, holding the global warming below 1.5°C instead of 2°C can avoid 35%-46% of the increases in extreme temperature events in terms of intensity, frequency, and duration in EA, and the maximal values (37%-49%) occur in Mongolia.
Summary and Conclusions
NCAR released the first set of coupled model simulations that were able to produce stabilized global mean temperatures at 1.5°C and 2°C warmer than preindustrial levels. We utilized these simulations to assess the changes in the mean temperature and extreme high-temperature events over EA. It was found that EA will experience~0.2°C higher warming than the global mean conditions, as evidenced by the 1.7°C and 2.3°C of warming above preindustrial levels in the 1.5°C and 2°C warming conditions. Compared with present day, the East Asian SAT will increase by approximately 1.4°C/2.0°C in 1.5°C/2°C warmer futures, and larger warming magnitudes will occur in the southern, northwestern, and northeastern regions of China, parts of Mongolia, the KP, and JP than in other regions. Compared with the daily minimum temperature, the increasing amplitudes of the daily maximum temperature are larger in most subregions of EA.
The amplitudes of the probability ratios of extreme high temperatures increase more than those of the moderate high temperatures. Nighttime hot extremes increase more than daytime hot extremes. Extreme high-temperature events increase more in KP, JP, and EC than other regions in terms of intensity, frequency, and duration. Moreover, due to the high population densities, global warming will have larger impacts on KP, JP, and EC than other regions.
For most indices, although the increasing amplitudes differ among the subregions, their responses to global warming are basically linear. In comparison to the 2°C warmer future, the warming of one halfdegree less in the 1.5°C warmer future will help avoid 35%-38% of the increase in the intensity of extreme high-temperature events, approximately 37% of the increase in the frequency of extreme high-temperature events, and 39%-46% of the increase in the duration of extreme high-temperature events. Therefore, limiting global warming by 0.5°C can help avoid 35%-46% of the increases in extreme temperature events in terms of intensity, frequency, and duration in EA and the maximal values (37%-49%) occur in Mongolia.
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